INTRODUCTION
The ease with which we move our arms belies the mechanical complexity involved (Green 1982) . Roboticists and those who model human arm movement appreciate the difficulty of the so-called "inverse-dynamics problem": the problem of transforming a movement (or kinematic) command into the appropriate forces (or dynamics) to produce the desired movement ( Atkeson 1989; Hasan 199 1) . Neurophysiologists recognize that the inverse-dynamics transformation is implemented by the use of consistent patterns for scaling and adjustment of the dynamics to meet the changing kinematic requirements.
"Invariant" kinematic features of movement have been taken to represent the specific kinematic requirements that are to be transformed into dynamics, or more precisely, into the patterns of muscle activation that result in joint torques (e.g., Soechting and Lacquaniti 198 1). An example of kinematic invariance is the fact that point-to-point arm movements usually proceed along a hand path that is nearly straight, with a velocity profile that is bell shaped and nearly symmetrical (Abend et al. 1982; Atkeson and Hollerbach 1985; Georgopoulos et al. 198 1; Soechting 1984) . The velocity profiles for movements of different speeds can be superimposed on each other by scaling both the time base and the amplitude, but this does not imply an equally simple scaling of joint torques or of electromyographic (EMG) levels.
The scaling of joint torques with movement speed has been investigated by Hollerbach and colleagues (Atkeson and Hollerbach 1985; Hollerbach and Flash 1982) . These investigators have demonstrated that joint torques for arm movement can be subdivided into two elements: one that scales in proportion to movement speed and one that does not. The element that does not scale with speed is the torque associated with counteracting the force of gravity.
Investigators of EMG patterns have also reported scaling with movement speed. Gottlieb and colleagues have summarized the results of a large body of EMG studies by formulating a rule called the "speed-sensitive strategy" (Corcos et al. 1989; Gottlieb et al. 1989 ). According to this rule, bursts of muscle activity increase in amplitude for faster movements. From these past EMG studies, it is unclear exactly how the amplitude scales, but it is apparent that the scaling is not simple, and a discontinuity between fast and slow movements has been suggested (Lestienne 1979) . It is unresolved whether or not the time base of the EMG pattern also scales (e.g., Hoffman and Strick 1990; Mustard and Lee 1987) .
Most of the past work on human EMG patterns has focused on a single joint (the elbow or the wrist) and has relied on the delineation of bursts of activity. In the past, investigators have avoided the gravitational component of muscle force by designing experiments in which the arm is supported in the horizontal plane and thus begins and ends in a relaxed posture. We have begun to extend the study of human EMG patterns to multi-joint arm movement in three-dimensional space by employing new methods for quantification of EMG waveforms.
Thus far our studies have focused on the relationship between muscle activation and the direction of force (Flanders and Soechting 1990) and movement (Flanders 199 1) . We began with the study of direction because this haddbeen suggested, on both theoretical (Soechting and Flanders 199 1) and neurophysiological (Georgopoulos 199 1) grounds, to be a key kinematic requirement. We found that, depending on the movement direction, waveforms of muscle activation are scaled in amplitude, shifted in time, and "inverted" (or negated to produce a reciprocal pattern). These results suggested a relatively simple recipe for the generation of motor patterns to meet directional kinematic requirements. With the use of a similar approach, we now turn our attention to a different kinematic requirement: speed or "movement time."
METHODS

Experimental design and kinematics
The experiments were designed to control the speed of arm movement by requiring subjects to reach a target within specified time intervals. The subjects were instructed to produce movements in a given direction, with a constant initial position and a constant amplitude. Figure 1 (Zej) shows schematically the initial arm posture and the movement amplitude. Human subjects stood erect with the upper arm vertical (shoulder relaxed) and the forearm horizontal (elbow flexed), in a sagittal plane. Both the initial and the final (target) hand positions were marked by sinkers that were suspended from the ceiling with fishing line. The three target directions illustrated in Fig. 1 are forward and/or upward, in the sagittal plane. Other directions were indicated by hanging the target in different locations relative to the constant initial position, such that the hand path was either in the sagittal plane or in the frontal plane (see Fig. 2 of Flanders 199 1). The required movement amplitude was always 30 cm.
Each subject held a pen-shaped ultrasonic emitter and was asked to move to the target as consistently as possible and to refrain from rotating the wrist. The "go" signal was a computer-generated tone, followed at a constant interval by a second tone. The kinematics of the hand movement were recorded with the use of an ultrasonic device (Graph Pen GP-8-3D) interfaced to a computer (Macintosh 11x). Hand position in three dimensions was recorded with a spatial resolution of 0.1 mm and a temporal resolution of 10 ms (100 Hz).
Velocity profiles were obtained by differentiation of the recorded trajectories after smoothing by digital low-pass filtering (with the use of a Chebyshev filter with a cutoff frequency of 10 Hz). The beginning and end of each movement were defined as the times at which the velocity record exceeded and rejoined the amplitude of the baseline signal. These times were measured by hand for each trial with the use of a computer cursor program. Movement times were then discretely classified in 50-ms bins, e.g., 3 lo-350 ms, 360-400 ms, etc. (see RESULTS.) A typical velocity profile was shown in Fig. 1 of a previous publication (Flanders 199 1). Only trials with a unimodal, bell-shaped velocity profile were used in subsequent analyses. (up and/or forward) . For each direction, we show 1 pair of rectified EMG records for biceps during fast (top graph) and moderate (bottom graph) movements (averages from 5 trials for subject A). Bars on the time base indicate approximate movement times; black and white halves mark the 1st and 2nd half of the movement, respectively. Movement times were -250 and 450 ms.
Four normal subjects took part in our studies of speed: a 5 ft 10 in, 150-lb male (subject A ), a 5 ft 9 in, 130-lb female (subjecl B) , a 6 ft 0 in, 190-lb male (subject C), and a 5 ft 10 in, 140-lb female (subject 0). Ages ranged from 23 to 47 yr. Although the number of subjects was relatively small, we recorded data from a large number of muscles in each subject (see below).
'Two of the subjects (subjects A and B) performed movements in each of 20 directions ( 10 in the sagittal plane and 10 in the frontal plane). In these experiments, for each direction, movements were performed as fast as possible in five consecutive trials and at a more moderate speed in five other consecutive trials (see Flanders 199 1 for additional details of this experimental design).
Subjects B and C took part in the main experiment, where only 4 of the 20 directions were used. Two of these directions were in the sagittal plane: up and 18" forward (shown in Fig. 1 ); down and 18 O back (not illustrated, but opposite the former). Two were in the frontal plane: medial/up (36" up from horizontal) and lateral/down ( 36" down from horizontal, see Fig. 2 of Flanders 199 1). These directions were chosen somewhat arbitrarily, but we wished to use opposite directions to cover a wide range of three-dimensional space and to include substantial vertical movements. Also, based on our previous studies, movements in these directions were expected to involve many of the muscles that we recorded from, whereas in some regions of space, several of the muscles are silent (Flanders 199 1; Flanders and Soechting 1990) . In these present experiments, subjects were coached to move at various speeds by pseudo-randomly instructing them to move "faster" or "slower." About five trials were obtained with each of 6-10 different movement times.
In an additional experiment, subject D moved in only one direction (up and 18" forward), and we doubled the number of trials at each movement time. Trials with different movement times were randomized, and trials of static posture were also randomly introduced, for a total of 135 trials. In the' trials of static posture, the subject held her arm still either at the initial position, at the final position, or at a position halfway between the initial and final positions. Like trials were grouped for averaging in subsequent analysis ( see below). EMG data analysis ACQUISITION.
We used small bipolar surface electrodes (2 mm diam) to record the activity of superficial arm muscles. The electrodes were placed ~2 cm apart over the bellies (or middle portions) of each of the following muscles: I) brachioradialis; 2) biceps; 3) medial head of triceps; 4) long head of triceps; 5) pectoralis; 6) anterior deltoid; 7) medial deltoid; 8) posterior deltoid; and 9) latissimus dorsi.
The EMG signals were preamplified ( X 1,000)) band-pass filtered ( lOO-5,000 Hz), and then amplified again (X 10) before digitization. The data were digitized at 500 Hz. The data were also digitally high-pass filtered ( lOO-Hz cutoff) to remove low-frequency noise. After amplification, filtering, and digitization, the data were rectified.
AVERAGING AND NORMALIZATION.
We did a separate analysis on the data from each subject, each muscle, and each movement direction. We prepared the EMG records for further analysis with the use of the steps described below: 1) We aligned 3-5 or 7-10 like records (same speed) at the onset of the velocity profile and averaged them. We truncated the EMG record (originally 2 s long) to include 200 ms before velocity onset and 1,200 ms after velocity onset.
2) We resampled the averaged EMG records by taking the average amplitude of IO-ms-long bins. Thus each data point represented 10 ms. We will refer to these resampled, averaged EMG records as "traces."
3) We normalized for movement time. On the basis of qualitative observations on sets of traces, we assumed that the time base of the EMG pattern scaled exactly along with the movement time plus 100 ms before movement onset (the earliest time of movement related EMG). We compressed the time base of each trace so that both the times 100 ms before movement onsets and the ending times of the movements were aligned for all traces. The resulting "compressed traces" can be thought of as being squeezed into a 30-data-point frame for movement time. In addition to the 10 data points before movement onset, we also retained 20 data points after the movement ended. Thus each compressed trace consisted of 60 data points, with each data point representing between 10 and 20 ms of EMG. PC ANALYSIS. As in our previous study (Flanders 199 1 ), we used a PC analysis to quantify the waveforms of muscle activation. Several other detailed accounts of this method have also been published (Osborn and Poppele 1989 , Richmond and Optican 1987 , Soechting and Lacquaniti 1989 . Principal component (PC) analysis is a statistical technique useful in quantifying component contributions to electrophysiological waveforms. The analysis transforms a set of data waveforms into a set of PC waveforms, which are derived from the original data. The PC analysis places the original set of data into a new coordinate system. Each PC waveform is orthogonal to the other PC waveforms, meaning that the covariance (dot product) between any two PCs is equal to zero. Although the PC waveforms are not sinusoidal, PC analysis is similar to Fourier analysis in that each of the original data waveforms can be reconstructed as a weighted sum of the PC waveforms.
A set of six EMG waveforms transforms into six PC waveforms (6 is the number of experimental conditions). The PC waveforms were calculated by first constructing a symmetrical matrix containing the covariance values of pairs of compressed EMG traces. We then computed the six eigenvalues (X) of this matrix and their corresponding eigenvectors (u). Each eigenvalue corresponded to a PC, and we ranked the X-PC pair according to the magnitude of X. The PCs were computed as Kzw = (l&J c %?mEMGm(~) (0 where n is the rank ( l-6) of the PC, and the summation is over the products of the lst-6th EMG waveforms and their corresponding 1 st-6th elements of the eigenvector (m index). Both the PC and the EMG waveforms are functions of time (t). The basic formula for reconstruction of a data waveform from the PCs is
where the product ( k) u,, is the "weighting coefficient" for each PC, and the summation is over the products of the six weighting coefficients and their corresponding PCs ( YI index). Weighting coefficients are in arbitrary EMG units. For each analysis, we normalized based on fi, so that all weighting coefficients ranged between + 1 .O and -1 .O. In this paper, we focus on the contribution of a PC to the reconstruction of an EMG trace. We will relate PC weighting coefficients to the movement times associated with each EMG.
Post hoc coordinate rotation
As we will show under RESULTS, the PC analysis was very useful in showing that the weighting coefficients of two components (PC1 and PC2) were consistently related to movement times. However, the PC 1 and PC2 waveforms were not directly related to postulated neural control mechanisms. In general, the PC coordinate axes identified by the analysis do not necessarily have physiological correlates. It is possible, however, to rotate the PC axes by forcing one or more of the PCs to correspond to hypothetical physiological waveforms (Glaser and Ruchkin 1976).
After performing the standard PC analysis, we further analyzed the data by rotating the PC coordinate axes. Thus we mathematically transformed PC1 + PC2 into PC 1' + PC2' by forcing the PC 1' weighting coefficient to have minimal variation with movement time and the PC2' coefficient to be always positive. To justify this post-hoc analysis, one must first demonstrate that the original PC1 and PC2 weighting coefficients are similar functions of movement time. We explain below:
Assuming that an EMG waveform can be reasonably well reconstructed as a weighted sum of the first two PCs
where A and B are weighting coefficients, then this equation can be mathematically transformed into
where A' is a constant and II; varies with movement time (m subscript). (All waveforms are functions of time, but the t has been omitted from Eq. 4 for clarity.) The coordinate rotation amounts to calculating PC 1' and PC2' in the following form
PCl' = aPC1 + bPC2 and PC2' = cPC1 + dPC2 (5) where a-d are constants. Substituting Eq. 5 into Eq. 4 and equating this to Eq. 3
therefore A'a + B',c = A, and
but this is true only if A, and B, are similar functions of movement time. This can be shown by multiplying Eq. 7 and Eq. 8 by d and c, respectively, and subtracting Eq. 8 from Eq. 7:
and rearranging so that (9) aA,,, + ,O = B, W)
were CY and ,O are constants derived from A' and a-d. Thus A, must differ from B, only by a scaling factor and an offset, meaning that the original weighting coefficients must both be linear or must be similar nonlinear functions of movement time.
After assuming that the original weighting coefficients approximated the above requirements, we geometrically rotated the coordinate axes by setting PCl' = cos (0)PCl -sin (QPC2 and
where sin (0) and cos (0) are the constants introduced in Eq. 5 (see RESULTS for further explanation). We iteratively found the angle 0 that would best minimize the variation in A' while keeping BA positive.
RESULTS
Qualitative observations
EMG records from faster movements had larger amplitudes. In addition, the EMGs became more phasic, with large bursts appearing as speed increased. Figure 1 compares the biceps EMG records obtained during fast (too) an .d moderate (bottom) movement speeds for movements in three different direct ions in the sagittal plane (as indicated by the layout). These averaged, rectified EMG records are displayed on an arbitrary amplitude scale that is uniform for the six plots. As in subsequent figures, the approximate movement time for each average is shown by the bar on the time base; the first half of the movement is the black bar and the last half of the movement is the white bar. For the faster movements, EMG bursts appeared to rise above the "threshold" of detectable neural activity.
In our previous study, we focused on the EMG waveforms associated with the moderately paced movements (Flanders 199 1). We reported the relationship of these slower waveforms to movement direction. For the three directions shown in Fig. 1 , biceps activity was characterized by a waveform that started with a large amplitude, followed by a decrease in amplitude (cf. Fig. 11 B of Flanders 199 1). This waveform was inverted (negated) as the direction changed from upward to forward. This same tendency is more readily apparent in the EMGs for the "fast-as-possible" movements, where the largest amount of activity changes from early for upward movements to much later for forward movements.
In general, we observed that the directional characteristics previously reported for the moderately paced movements were similar and even more distinct in the records from fast movements. Another example is given in Fig. 2 , where we show data from medial triceps for five movement directions. In each of the four panels, the top three records are from movements in the directions shown in Fig. 1 , and the bottom two records are for movements forward and down (each successive direction is separated by 36' ) . For this muscle, the directional tendency was that EMG waveforms associated with more downward movements began earlier in time. This tendency was similar across subjects (top vs. bottom) and somewhat clearer in the records from faster movements (left vs. right).
Focusing now on velocity rather than direction, we show in Fig. 3 the smoothed EMG traces that represent anterior deltoid activation for six movement times. All movements were in the same direction: down (and 18' back). Mechanically, the anterior deltoid is an antagonist for this movement direction, and the waveform is a very simple one: a single burst of activity provides a braking force to stop the movement. There is a large change in amplitude from faster to slower movements. However, the temporal relationship between the burst and the halfway mark on the time bar is nearly invariant. The burst occurs about halfway through the movement, regardless of the movement time.
We studied similar time series for nine muscles, three subjects, and l-4 movement directions. In most cases, the time base of the EMG waveform appeared to scale equally with the movement time (as in Fig. 3 ). It was impossible to measure the scaling of the time base because the shape of the record changed along with movement time. Therefore, we used equal scaling as an assumption and normalized (compressed) all of the traces according to movement time before the PC analysis (see METHODS).
Figure 3 also serves to list the contents of the sets of compressed traces that we used for further analysis. We used data from six movement times. ranging from 350 to 600
Moderate Speed Fast as Possible ms. This range excludes the fast-as-possible movements. We excluded these fastest movements because in some cases, the EMGs for these movements showed distinctly higher levels of coactivation (of all muscles) and prolonged activation after the end of the movement. There sometimes appeared to be a discontinuity between the fast-as-possible and slightly slower movements, perhaps because of an instructionally based difference in strategy by the subject. At the other end of the range, movement times ~600 ms were typically associated with EMG records that showed very little modulation. For movement times longer than ~700 ms, EMG records could be well approximated by the EMG levels recorded during the appropriate static postures, and we will return to this end of the range later, under Statics.
PC analysis
As inputs to the PC analysis, we used sets of six EMG traces like those shown in Figs. 3 and 4A but compressed to normalize the time base (as shown in Fig. 4B ). In general, we will show that the PC analysis revealed that the first two components contributed to the reconstruction (or representation) of each EMG trace by an amount that depended on movement time. We will also show that although the PC1 and PC2 waveforms were orthogonal (see METHODS), the PC2 waveform usually resembled the phasic aspects of the PC1 waveform. We will show that, in reconstructing the Fig. 1 ; the bottom 2 correspond to forward and downward directions (each direction is 36" apart). Amplitude scale bars indicate the greater magnification of records from slower movements. Each record is 600 ms long; movement onset was at 100 ms.
compressed EMG traces, PC2 added to PC1 for the faster movements (resulting in bigger bursts) and subtracted from PC1 for the slower movements (resulting in a more tonic waveform).
Two PCs from pectoralis are shown in Fig. 4C . These were derived from the set of six compressed EMG traces representing movements in the medial / up direction (shown in Fig. 4B ). Pectoralis is clearly an agonist for this movement direction. In contrast to the waveforms shown in Fig. 3 for an antagonist, the activity level begins to rise before the onset of the movement (black and white time bar). Both the PC 1 waveform (top) and the PC2 waveform (bottom) peak around the time of movement onset and then decline. The PC2 waveform declines more quickly, dips below zero amplitude about halfway through the movement, and then rises again to a relatively steady negative value. (The large number of small negative data points explains the zero covariance between PC2 and PCl: they cancel the large positive dot product from the first 20 points.) The PC1 waveform also dips about halfway through the movement, but to a lesser extent. Figure 5 shows the weighting coefficients for reconstruction of the compressed pectoralis EMG traces from PC1 and PC2. Weighting coefficients are plotted against six movement times; 1 was the fastest and 6 was the slowest. For both PCs, the relationship between weighting coefficients and movement times was monotonic and close to being linear. The PC1 coefficients were always positive, ranging from ~0.55 to 0.30 for fast to slow movements. The PC2 coefficients were smaller and ranged from positive to negative values. Referring back to the waveforms shown in Fig. 4C : the addition of a positive version of PC2 to PC1 would make the waveform more phasic; the addition of a negative version of PC2 (or subtraction) would decrease the peak around movement onset and produce a slightly larger steady level later in the movement.
Higher-order PCs (PC3-PC6), by definition, contributed less to the reconstruction of EMG traces. The waveforms of higher-order components generally appeared to represent the random variability in the EMG records. More importantly, there was no clear relationship between the weighting coefficients of higher-order components and the movement time. For the pectoralis data illustrated in FigS. 4 and 5, the weighting coefficients for PC3 were -0.05, +0.06, +0.06, -0.02, -0.03, and -0.0 1 for movement times 1-6, respectively. The weighting coefficients for PC4, PC5, and PC6 were much closer to 0.00.
For other subjects and other movement directions, the relationships of PC1 and PC2 coefficients to movement time were similar to those described above. Figure 6 shows pectoralis data for movements directed up (and 18O forward). The different symbols represent three different subjects. As in the single-subject data for the medial/up direction (cf. Fig. 5 ), the relationships were monotonic. The PC1 waveform had positive coefficients, whereas the PC2 coefficients were negative for the slower movements.
A similar trend was seen in most of the other muscles. Figure 7 shows these data for biceps. The plot contains a full set of biceps data from the two subjects that performed the speed series in four different directions. Data from subject B are the filled circles, and data from subject C are the open circles; each line represents a different direction. As in Fig.  6 , for each subject the PC1 and PC2 coefficients were similar functions of movement time, differing only by an offset. Fig. 4 ) for the 6 movement times shown in Fig. 3 ( 1 = fastest; 6 = slowest). For slower movements, negative PC2 coefficients account for a decreased peak at movement onset in EMG records. Figure 8 shows the PC waveforms associated with these coefficients. The PC1 waveforms for opposite directions were of opposite polarity (cf. Flanders 199 1) . For example, the PC 1 medial/ up waveform closely resembled an "upside-down" version of the PC 1 for the lateral/ down direction. As shown above for pectoralis, the biceps PC2 waveforms resembled the corresponding PC 1 waveforms, except that they were more phasic and were centered around a slightly negative baseline. Thus one can envision that the addition of PC1 + PC2 would produce a waveform with bigger bursts-like the bursts commonly observed in EMG records for the fast-as-possible movements (cf. Fig. 1 ).
Most other muscles showed similar trends in their weighting coefficients and PC waveforms, although the trends were less clear for directions where muscles were less active. Another example is given in Fig. 9 , where we show data from posterior deltoid in the same format we used in Fig. 7 for biceps. The weighting coefficients show a similar monotonic relationship to movement time. Long head of triceps clearly showed this trend for movements directed down, and medial deltoid showed the trend for movements directed lateral /down. In other cases, as for brachioradialis and latissimus dorsi, PC 1 coefficients showed a clear trend, whereas PC2 coefficients were somewhat more variable. In some cases, a particular muscle was not active enough for particular directions to allow us to record a sufficient signal to noise ratio at all six movement times.
Clear exceptions to the trend of monotonic coefficient/ movement time relationships are particularly noteworthy. They were few. The only clear example obtained in our experiments is illustrated in Figs. 10 and 11 . Figure 10 shows a time series from anterior deltoid for movements in the lateral/ down direction. These traces are from the same subject as the traces shown in Fig. 3 for movements directed down. As in Fig. 3 , these traces are shown before normalization of the time base. Thus these traces in Fig. 10 have not been analytically compressed: the time base is real ms units. Anterior deltoid is mechanically an antagonist for this direction; the waveform is a burst that brakes the movement. This burst did not have an invariant relationship to the halfway mark on the time bars. Instead, the burst appeared to begin at the same point in real time, regardless of movement speed. Thus, despite the obvious time base scaling shown in The PC analysis was sensitive to our assumption of equal scaling of movement time and EMG time base. When the traces shown in Fig. 10 were scaled according to this assumption and analyzed for PCs, the PC weighting coefficients were not well related to movement time (Fig. 11) . In  Fig. 11 , the open circles are the data derived from the traces shown in Fig. 10 (after the traces were compressed); the filled circles are the corresponding data from the other subject. The coefficient/movement time relationship was not monotonic for either PC1 or PC2. Thus the time base scaling did not align the EMG traces into superimposable waveforms, and the resulting PC data were complex. The fact that the analysis did not give simple results indicated that, in this case, our temporal scaling assumption was not valid.
With regard to Fig. 11 , we should also note that, despite the complex nonlinear relationship, the curves for PC 1 and PC2 were similar to each other for each subject. The shapes of the curves reflect the distinctive characteristics of the poorly superimposed compressed traces. For example, in subject C (0), the PC2 waveform (not illustrated) was a brief burst that most closely resembled the EMG trace for the fastest movement (Fig. 10, top) . Hence, the PC2 coefficient for the fastest movement was relatively large (Fig. 11,   left ). In the other subject ( l ), a third PC waveform (PC3) made a large contribution to the reconstruction of the fastest EMG trace, and hence the PC1 and PC2 coefficients for the fastest movements were relatively small.
Statics
So far, we have focused on a range of speeds that ended with a movement time of -600 ms. We also recorded EMGs during movement times as long as 1000 ms. These longest movement times felt unnaturally slow, and subjects reported the impression that they were producing a series of static postures instead of a movement. In subject D, we also recorded data during three static postures: the initial position, the final position at the "up" target, and a position halfway between the initial and final positions. We averaged the EMG levels over the 2 s of data acquisition for the seven trials at each static posture. We found that for each muscle, EMG waveforms for movement times longer (slower) than 700 ms (43 cm/s) could be approximated by the EMG levels from static trials.
In Fig. 12 , we show a time series ranging from 400 to 700 ms, with data from the static trials superimposed on the plot for the slowest movement (bottom) . The data are noncompressed traces from the anterior deltoid; they are averages from 7 to 10 trials. They show the trends that we described in previous sections: time base scaling and the addition and subtraction of a phasic component. They also show a gradual transition to the very slowly modulated waveform associated with the slowest movement. At the slowest speed, the amplitude levels were comparable to those recorded under static conditions.
In Fig. 13 , we show the static EMG levels for each of the muscles on a percent scale that relates these static levels to average amplitude levels during EMG bursts. To normalize the static levels for all muscles, we have expressed these levels as a percentage of the average a mplitude over a 50-ms time interval chosen to contain a large burst. For brachioradialis, biceps, pectoralis, anterior deltoid, and medial deltoid, we used the interval from 100 to 50 ms before movement onset. For long head of triceps, posterior deltoid, and latissimus dorsi, we used the interval from 75 to 25 ms before movement onset. We took these burst averages from the fast-as-possi not illustrated).
ble movements (300-ms m ovem ent time;
For each muscle, the levels of static muscle activation were s mall compared with the average amplitude of a burst in the same muscle (for this same movement direction). Static levels were only -20% of burst levels. The range was from -10 to 30% (except in medial deltoid). Furthermore, the change in activity associated with a change in posture was very small. The change was usually -10 percentage units compared with the 80 percentage units needed to change from a static level to the average amplitude of a large burst (except in medial deltoid). The standard error values associated with these mean static levels were small, ranging from 0.05 to 1.6 percentage units, except in medial deltoid where the standard error ranged from 0.1 to 3. 4. The exception to all three of the above observa .tions was medial deltoid. The medial deltoid waveform for the slowest movements in the up direction (approximated by the static data in Fig. 13 ) showed a very large "slow-wave" mod- ulation. This represented the largest slow-wave modulation of any of the muscles that we studied in subjects B and C (over 4 directions). This was due to the fact that this muscle changes its mechanical pulling direction during the movement and is a better agonist at the final position than at the initial position (Flanders and Soechting 1990). The pulling direction of the anterior deltoid does not change as much between the initial and final postures, and thus the anterior deltoid data (Figs. 12 and 13 ) exhibit a more representative pattern for a strong agonist.
Post-hoc coordinate rotation
The PC analysis showed that the weighting coefficients of two components (PC 1 and PC2) scaled down with movement times; it was obvious from inspection of the EMG records that the scaling of a single waveform could not account for the data. However, the PC1 and PC2 waveforms identified by the original analysis are not necessarily related to physiological drives. Therefore, because our data met the requirement that PC1 and PC2 are similar functions of movement time (Figs. 5-7 and 9), we rotated the PC axes by forcing the PCs to correspond to postulated physiological waveforms (see METHODS).
The results of the post-hoc analysis are shown in Fig. 14 , with the use of data from pectoralis. We used the set of data illustrated in Figs. 4 and 5. We transformed PC 1 + PC2 into a mathematically equivalent sum: PC 1' + PC2'. To do this, we used a coordinate rotation that can be envisioned as rotation of a 0' PC 1 axis to a -44' PC 1' axis and a rotation of the 90' PC2 axis to a 46O PC2' axis. As shown in Fig. 14, this reanalysis of the pectoralis data produced a set of PC 1' weighting coefficients that was reasonably constant over the range of movement times (---), along with a set of PC2' coefficients that scaled down with movement time (-). In the PC' representation, all coefficients were positive.
The insets to the graph in Fig. 14 show the PC' waveforms. As stated under METHODS, we calculated these waveforms using the formulas PC1 ' = cos( 0)PC 1 -sin( @PC2 and PC2' = sin(B)PCl + cos(QPC2. In this case, 8 was found to be 44' and, because the sin and cos of 44" are similar, PC1 ' can be thought of as PC1 -PC2, whereas PC2' can be thought of as PC 1 + PC2. Thus PC 1' is a waveform that starts near zero and (although this version is rather "noisy") it slowly progresses to a steady positive level by the end of the movement. The magnitude of this component does not change with movement time, and this waveform most closely resembles the EMG data for the slower movements (cf. Fig. 4 B) . In contrast, PC2' is a phasic waveform with a large burst centered around movement onset; it predominates for the faster movements. Nearly identical results were obtained by transforming the data from other muscles, although the waveforms differed depending on whether the muscle was acting as an agonist or an antagonist.
DISCUSSION
In this paper, we have quantified the waveforms of muscle activity associated with arm (elbow and shoulder) movements in three-dimensional space. In most cases, EMG waveforms associated with different movement speeds could be brought into register by scaling the time base of the EMG records. After the time base scaling, a PC analysis revealed two separate, additive waveforms. A post-hoc rotation of these components produced a phasic waveform that 07 . amplitude-scaled with velocity and a more tonic waveform that did not.
Scaling
We showed one example where the timing of the "antagonist burst" clearly scaled with movement time (Fig. 3) . This example was taken from the anterior deltoid for downward movements. We also showed an example where the timing of anterior deltoid's agonist waveform scaled to movement time for upward movements (Fig. 12) . This same muscle, however, showed a different tendency for movements directed lateral/down (Fig. 10) . The antagonist burst for this latter direction appeared to have a fixed temporal relationship to the onset of the movement, regardless of movement speed.
In our study, the pattern exhibited by anterior deltoid for lateral/down movements was rare. Out of nine muscles and one to four directions in two to three subjects, this was the only clear example of a fixed timing pattern. Figures  3-9 can be taken as evidence that other muscles did not show this fixed timing pattern, because this would result in more complex PCs (cf. Fig. 11 ). Although it is quite possible that more fixed timing patterns can be found by studying more movement directions, it seems reasonable to conclude that for arm movement in three-dimensional space, it is the exception and not the rule. However, rather than dismissing this as a rarity, it is interesting to note that this one muscle exemplifies a controversy that is already present in the literature on single-joint movements (see Corcos et al. 1989, footnote 4, page 366) . As an example of this controversy, Mustard and Lee ( 1987) describe a time base scaling for wrist muscles similar to the scaling we report for elbow and shoulder muscles, in most cases. Hoffman and Strick ( 1990) , however, report a fixed EMG time base for wrist movements of various speeds. They reconcile their results with others by showing that when force requirements are more substantial, the fixed EMG time base deteriorates (Hoffman et al. 1990 ). For shoulder muscles acting to move the arm in three-dimensional space, force requirements are usually substantial. Fig. 3 . Records are from the same subject and same muscle as in Fig. 3 , but the range of the amplitude scale has been doubled ( the EMG amplitudes were larger for the lateral/down direction). Anterior deltoid, lateral /down: weighting coefficients of PC 1 and PC2 for the 6 movement times for 2 subjects. Coefficients exhibited a complex pattern. This is because our temporal scaling assumption was not valid for this muscle and this direction.
We should emphasize that, in this study, we did not attempt to measure the scaling of the time base systematically. We adopted time base scaling as an assumption before further analysis, but the further analysis was sensitive to cases where the assumption was not valid (Fig. 11) . We should also note that time base scaling is different from the temporal shifts associated with different movement directions (Fig. 2) . The temporal shift phenomenon (reported more fully in Flanders 199 1) is at odds with the fixed time base reported by Hoffman and Strick ( 1986) for wrist movements in different directions, and it is quite possible that proximal and distal joints are different in this respect.
Investigators of single-joint movements have invariably reported that faster movements are produced by bigger EMG bursts (the so-called speed-sensitive strategy; Gottlieb et al. 1989) . However, investigators have also noted a discontinuity between the patterns for fast and slow movement or force production (Gordon and Ghez 1984, Lestienne 1979) . The original reports of this discontinuity were based on observations of a disappearance of the antagonist burst as movement or force production slowed and passive forces were sufficient to provide braking. In our previous study (Flanders 199 1 ) , we reported a similar discontinuity in an agonist. Based on a qualitative comparison between fast-as-possible and moderately paced movements, we concluded that, for slower movements, bursts disappear below threshold. We concluded that a simple scaling of time base and amplitude would not be sufficient to superimpose the EMG traces associated with faster and slower movements. We now report that the differential scaling of two separate, additive components accounts for this apparent threshold nonlinearity in amplitude scaling.
In our previous paper (Flanders 199 1 ), we also reported a simple recipe for producing movements in different directions. The recipe consisted of cosine tuning, inversions, and temporal shifts of a single EMG waveform for each muscle. This description was based on records from a single movement time. Given the nonlinearity of velocity-related amplitude scaling, it was unclear whether the directional pattern should apply to all speeds. In this present paper, we show qualitatively that the directional pattern appears to be similar and even more apparent in the records for faster movement (cf. Fig. 2 ). One can speculate that at any given 
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Statics: averaged EMG amplitude of each muscle in the initial, half-way, and final positions of the UP (and 18O forward) movement, graphed as a percentage of the average EMG amplitude of bursts during the fastest movements. Each bar is an average from 7 trials. The EMG levels in the static trials were comparably low, and changes in position were associated with only small changes in EMG amplitude. The exceptionally high level at the final position for Medial Deltoid is due to the fact that the muscle changes its pulling direction during the UP movement and is a better agonist at the final than at the initial position. Brachioradialis, BR; biceps, BI; medial head of triceps, MT; long head of triceps, LOT; pectoralis, Pet; anterior deltoid, AD; medial deltoid, MD; posterior deltoid, PD; latissimus dorsi, LaD. (Fig. 11) . It was necessary to demonstrate this before performing the coordinate rotation. The post-hoc coordinate rotation then revealed that our original results were mathematically equivalent to a phasic (burst-like) component with weighting coefficients that scaled with speed and a second, more tonic (slow-wave) component with a constant weighting coefficient (Fig. 14) .
This result is in consonance with the predictions of Hollerbach and Flash ( 1982) . On the basis of their analysis of arm movement dynamics, Atkeson and Hollerbach ( 1985 ) subdivided the active joint torques that produce arm movements in three-dimensional space. One element was the torque needed to counteract the force of gravity (the "gravity torque") ; the other element was in the appropriate direction and of the appropriate magnitude to produce the desired movement (the "drive torque"). Hollerbach and colleagues explained that the magnitude of the gravity torque , was unaffected by changes in movement speed. The drive linear increase in velocity. n, ,a 7 .
torque, however, had to increase quadratically to produce a movement speed, the phasic component of the EMG waveform shows a similar temporal shift pattern. The tonic component is unchanged by speed and should show cosine tuning and inversions related to direction only.
Components
We report that the weighting coefficients, or amplitude contributions, of PC1 and PC2 scale down with movement time. The amplitude contribution of PC1 ranges from higher to lower values for faster to slower speeds. The amplitude contribution of PC2 ranges into negative values for slower speeds, indicating that PC2 is subtracted from PC 1. This subtraction of a separate waveform for slower speeds is necessary to account for the observed disappearance of bursts during slower movements (Flanders 199 1; Lestienne 1979) . A simple amplitude scaling of a single component could not account for the EMGs. If the EMGs had consisted of a set of amplitude scaled versions of a single waveform, the PC analysis would have resulted in a single important component (PC 1 ), with the second component (PC2) having no consistent temporal waveform and no consistent distribution of weighting coefficients.
The weighting coefficients of PC 1 and of PC2 both scaled down with movement time according to a similar monotonic function . Even in the case where the time base scaling assumption was invalid and the coefficient / movement time relationship was not monotonic, the PC1 curve was similar to the PC2 curve for each subject xams vs. aynamcs On the basis of the predictions of Hollerbach and colleagues (Atkeson and Hollerbach 1985; Hollerbach and Flash 1982) we had originally hypothesized that the PC analysis would reveal a slow-wave component related to static posture (or gravity torque) and a phasic component related to velocity (or drive torque). We expected the slowwave component to be substantial based on theoretical predictions that arm movement can be understood as a quasistatic series of equilibrium postures (Bizzi et al. 1984; Feldman 1966) . Although the EMG traces from very slow movements could be approximated by static EMG levels ( Fig. 12) , the amplitude modulation of these forms was usually very small ( Fig. 13 ) .
The equilibrium point theory was based on sta tics but was later modified to encompass the phasic joi nt torques and EMG bursts that drive arm movements at speeds: the equilibrium -positi .on command signal slow wavenatural was hypathesized to act as if driving the arm on a virtual trajectory to physically unrealizable positions ( Berkinblit et al. 1986 ). Thus, according to the theory, EMG bursts would represent the output of a command to assume an extreme postu re.
The neural basis for the equilibrium-point corn mand s1g-nal has not been found. Instead the most prominent mot& command that has been identified is a signal representing the desired movement direction. This signal has been recorded in motor cortical areas (reviewed by Georgopoulos 199 1). Recent work indicates that this kinematic directional signal is distinct from the directions of the force vectors that produce the movement (Taira et al. 199 1; see also Alexander and Crutcher 1990a,b; Crutcher and Alexander 1990) . To produce an arm movement in a desired direction at a desired velocity this single, kinematic signal would have to be transformed into two components: the amplitude of the "gravity" vector would remain constant, whereas the amplitude of the "drive" vector would scale quadratically with the desired velocity. Translation of these force vectors into the appropriate levels of muscle activation would have to take into account the nonlinear force-velocity properties of muscle: a disproportionate amount of EMG activity is needed to increase the velocity of muscle contraction (Hill 1938) . Thus increases in velocity are accomplished by larger and larger increases in force and in EMG. Therefore it is not surprising that the phasic drive vector dominates the amplitude of the EMG signal and has dominated the results of most EMG studies.
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